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Silk is a natural protein fibre spun by spiders, some insects and silkworms. Spider 
silk is of interest because of its mechanical strength, elasticity and biocompatibility, in 
fact, spider silk is considered to be the strongest natural biopolymer known. 
Recombinant production of spider silk proteins has begun to meet the needs of the 
growing biotechnological interests, and recombinant production in various hosts has 
been a widely used approach, with varying results. In search of mimicking the silk 
proteins, 4RepCT has been engineered with only 4 gly/ala repeats followed by a non-
repetitive C-terminal. This protein has been successfully produced in a soluble form 
using Escherichia coli, yet forming macroscopic silk-like fibres. Studies on 4RepCT 
fibres have shown biocompatibility and a limited immunological response when 
subcutaneously implanted in rats. 
  Functionalization is a process where additional peptide motifs, protein domains 
or organic compounds are coupled to 4RepCT to add new properties for use in medical 
and biotechnology disciplines. There is, however, currently, a need for new coupling 
methods, in addition to, for example, manipulation on the genetic level. Therefore, this 
study was aimed to investigate a new method for functionalization of 4RepCT silk using 
two model proteins (domain Z and fibroblast growth factor-2) with the help of Sortase 
A mediated covalent coupling. The results have shown that a Sortase A enzyme with 3 
mutations, coupling at ambient temperature and a reaction time between 0.5 and 1.5 h 
are suitable conditions for efficient coupling of the model proteins to 4RepCT silk 
coatings. Coupling of the Z domain to silk using the Coupling during coating (CDC) 
method and FGF2 to silk using the Coupling after coating (CAC) method showed best 
binding of their target molecules (IgG and FGF2 receptor, respectively). Analysis by 






A seda é uma fibra proteica de origem natural produzida por aranhas e alguns 
insectos, como, por exemplo, o bicho - da - seda. A seda produzida pelas aranhas 
reveste-se de particular interesse devido à sua resistência mecânica, elasticidade e 
biocompatibilidade. De facto, a seda produzida pelas aranhas é considerada como sendo 
o polímero mais resistente que existe. A produção recombinante de proteínas da seda de 
aranha iniciou-se como objectivo de satisfazer as necessidades crescentes da industria 
biotecnológica, e tem sido produzida em vários hospedeiros com resultados variáveis. 
Na demanda de imitar as proteínas da seda, 4RepCT foi modificada de forma a conter 
apenas 4 repetições  gly/ala, seguidas por um C terminal não repetitivo. Esta proteína 
recombinante foi produzida com sucesso, na forma solúvel, em Escherichia coli, 
gerando, porém, fibras macroscópicas semelhantes à seda. Estudos em fibras 4 RepCT 
mostraram a existência de biocompatibilidade e uma resposta imunológica limitada 
quando implantadas subcutaneamente em ratos.  
A funcionalização é um processo em que péptidos adicionais, proteínas ou compostos 
orgânicos são acoplados á 4RepCT para adicionar novas propriedades a estes polímeros 
para que possam ser utilizados nas áreas médicas e biotecnológicas.  No entanto, 
actualmente existe a necessidade de desenvolver novos métodos de acoplamento 
associados, por exemplo, a técnicas de manipulação genética. Assim, este estudo visou 
a investigação de um novo método de funcionalização da seda  4RepCT , utilizando 
como modelo duas proteínas (domínio Z e factor 2 de crescimento de fibroblastos) com 
o auxílio do acoplamento covalente mediado pela sortase A. Os  resultados obtidos 
demostraram que a temperatura ambiente um tempo de reacção entre  0,5 e 1.5 h são as 
condições adequadas para o acoplamento eficiente da sortase A com 3 mutações . Tanto 
o acoplamento do domínio Z á proteína da seda durante o método de revestimento 
(CDC) como o acoplamento doFGF2  á proteína da seda após o método de revestimento 
(CAC) apresentou melhor ligação ás suas moléculas alvo (IgG e receptor de FGF2, 
respectivamente).A análise de ressonância de plasma de superfície, foi eficiente para 




1.1. Spider silk 
Silk is a protein polymer produced by the members of the phylum Arthropoda, 
mostly from the class Arachnida but also some from the class Insecta. Spider silk 
among arachnids and silkworm silk from insecta have been found to have superior 
properties compared to silk produced by other organisms (Saravanan, 2006). 
Silkworms can produce two types of silk whereas orb weaving spiders can generate up 
to seven types of silk (Vollrath, 1992). In recent times, spider silk has been preferred 
over silkworm silk due to its impressive strength and toughness compared to any other 
biological material known. Moreover, its biodegradability, green chemistry and ambient 
processing conditions make it a good candidate for biomaterial development (Brown et 
al, 2014).  
Spider dragline silk is one type of silk, known for its strength and elasticity. The 
toughness of dragline silk fibers is due to their structure consisting of two polypeptides, 
namely, major ampullate spidroin (MaSp) 1 and 2. Each of these spidroins has 
alternating blocks of alanine and glycine rich segments, where the former has a role in 
forming ß-sheets and the latter adds flexibility to the silk structure. Therefore, 
recombinant dragline silk proteins have become targets in recent times to develop new 
materials for medical applications. Silk-like proteins have been expressed 
recombinantly in different host systems like bacteria, yeast, mammalian cells, plants, 
insects and transgenic goats (Rising et al, 2005). Mainly strategies to express parts of 
the native sequences or generating iterated consensus sequences have been employed. 
However, the numerous tandem repeats in the gene fragments and the tendency of these 
proteins to aggregate, have added difficulties to achieve large quantities of silk proteins 
in soluble form (Huemmerich et al, 2004). 
In 2007, Stark et al, proposed a new approach to produce a miniature form of the 
MaSp1 dragline silk protein from Euprosthenops australis in soluble form so that it 
could spontaneously form macroscopic fibres. This miniature silk protein, 4RepCT, has 
only four poly Ala/Gly blocks followed by a non-repetitive C-terminal as shown in 
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Figure 1, compared to that of the native MaSp1 dragline silk with around 100 poly 
Ala/Gly blocks and non-repetitive N-terminal and C-terminal domains. 
 
Figure 1. Schematic arrangement of the 4RepCT silk protein. The recombinant spider silk protein 
4RepCT (23 kDa in size) consists of four repeats of Gly/Ala blocks, a linker and a non-repetitive C-
terminal part. CT = C-terminal; SA = ASASAAASAAS; Gly = glycine; Ala = alanine. 
New functions, properties and features can be enabled by the addition of a 
protein or peptide of interest to silk by a process called functionalization.  Addition of 
functional domains to silk has been previously explored. There is always a scope to 
generate new functionalizations based on the need of the hour in biomedical as well as 
cell culture applications. The following paragraphs review some of the achieved silk 
functionalizations. 
The covalent ligation of an integrin-binding laminin peptide motif (GYIGSR) to 
silk fibroin films showed that bone marrow derived human mesenchymal stem cells 
(hMCSs) exhibited a functionalization-dependent proliferation. Moreover, they were 
maintained in an undifferentiated pluripotent state, but when induced they differentiated 
into neuron-like cells (Manchineella et al, 2016). One other study showed the 
functionalization of spider silk with three antimicrobial peptides, namely human 
neutrophil defensin 2 (HNP-2), human neutrophil defensin 4 (HNP-4) and hepsidin. The 
silk fusion proteins were engineered at the gene level. The fused products as films 
showed antimicrobial activity against Escherichia coli and Staphylococcus aureus. The 
spider silk protein domain used in this study consisted of 6 repeats, mimicking the 
native sequence repeats in MaSpI, from Nephila clavipes (Gomes et al, 2011). 
The functionalization of 4RepCT by adsorption with conjugated polyelectrolytes 
like poly(4-(2,3-dihydrothieno[3,4-b]-[1,4]dioxin-2-ylmethoxy)-1-butanesulfonic acid) 
(PEDOT-S) and the photoluminescent polyelectrolyte poly(thiophene acetic acid) 
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(PTAA) has been successful in producing silk fibers with electrical and fluorescence 
properties. The applications of such an electrical functionalization were suggested to be 
useful in the growth of stem or nerve cells, biocompatible actuators, electronic sensors 
and textile-based electrodes (Mueller et al, 2011).  
The RGD motif is a cell adhesion peptide, discovered in fibronectin, and is 
present in various molecules in the extra cellular matrix (Widhe et al, 2013). The 
functionalization of 4RepCT with a cell-binding RGD motif has shown to promote 
proliferation and migration by primary cells, especially when attached in the same loop 
conformation as in fibronectin (Widhe et al, 2016).  
Functionalizing 4RepCT with affinity domains is another example with a broad 
application range from a biotechnological perspective. Jansson et al, 2014, successfully 
produced the IgG binding domains Z and C2, the albumin-binding domain ABD and the 
biotin-binding domain M4 attached to 4RepCT by fusion at genetic level. These 
functionalizations had retained their respective functional properties, when observed as 
an individual functionalization (e.g. only Z-silk or ABD-silk), but also in combinations 
(e.g. Z-silk + ABD-silk). Hence, the affinity-silk can be used widely for presentation of 
active protein domains on a surface. Another important study by the same author in 
immobilizing the enzyme Xylanase by fusing it at the genetic level to 4RepCT resulted 
in a well expressed and purified soluble enzyme-silk fusion protein (Jansson et al, 
2015). The catalytic properties of the various Xylanase-silk materials were retained after 
storage, reuse, cleaning with ethanol as well as in a continuous substrate flow. This 
study shows upon the possibility to combine enzymes with 4RepCT silk. Another study 
by Thatikonda et al, 2015, wherein they fused human single-chain analyte binding 
variable fragment (scFv) to 4RepCT silk, showed that this functionalization retained the 
specific activity of the two scFvs used towards their respective target serum protein. 
Such silk fusion proteins can be used for diagnostic purposes. 
It has been proven that 4RepCT itself favors cell attachment, migration, 
proliferation and differentiation fulfilling the requirements for in vitro cell culturing 
(Widhe et al, 2010). Taking into consideration of all the successful functionalizations 
of 4RepCT at gene level, it is time to look for a robust coupling method at protein level 
 4 
 
that can eliminate limitations like absence of post-translational modifications when 
expressing in bacteria, as well as large silk fusion proteins which are hard to express 
and purify in E. Coli at a reasonable yield, in a soluble form.  
1.2. Protein coupling 
There is a growing interest in attaching proteins to solid surfaces or to other 
biomolecules.  Several coupling methods to fulfil such needs have been elucidated to 
date. Some examples are Native Chemical Ligation (NCL), Expressed Protein Ligation 
(EPL), Staudinger ligation and Expressed enzymatic ligation. However, all of these 
methods have limitations in producing large peptides. Other than that, each method has 
its own limitations, as in NCL and EPL, a cysteine residue is necessary at the ligation 
site, whereas globular proteins usually have very low number of free cysteine residues. 
In such a case, an additional cysteine residue must be added. This addition may change 
the structural conformation of the protein by forming a disulfide bond with another 
cysteine residue in one of the neighboring chains of the same protein. Therefore, the 
NCL approach is limited only to proteins without cysteines and so works only for the 
synthesis of linear and cyclic proteins (David et al, 2004).  
Simple surface adsorption can also be an option for non-covalent immobilization of 
proteins onto a surface, but it is not as stable as a covalent interaction and may lead to 
an inactive protein rather than a functionally oriented one. Staudinger ligation and Click 
chemistry can form covalent linkages with highly selective functional groups that are 
usually not found in biological systems. Furthermore, Staudinger ligations also need 
toxic reagents which limit the approach to be used for in vitro cell culture applications 
(Chan et al, 2007).  
Hence, the need for alternative approaches exist in coupling proteins to proteins or 
proteins to solid surfaces with no toxic reagent requirements, less incubation times, 
more product formation, biological compatibility, covalent linkage and a functionally 
active coupled final product. The enzymatic Sortase A coupling is one such ligation 
method that can fulfil these criteria, to be a successful approach (Chan et al, 2007; 
Westerlund et al, 2015). The schematic steps of the Sortase A mediated coupling are 




Figure 2. Schematics describing the mechanism of Sortase A mediated coupling. The enzyme Sortase 
A reacts covalently with the substrate, forming a thio-acyl intermediate. This intermediate is attacked by 
the nucleophile, releasing the enzyme and forming a new amide bond between substrate and nucleophile. 
A prerequisite for the reaction to occur is that the substrate has an attached LPXTG motif, and that the 
nucleophile has an N-terminal glycine. 
1.3. Sortase A 
Staphylococcus aureus is one of the Gram positive bacterial pathogens that possess 
enzymes like sortase transpeptidases which can anchor proteins with a conserved 
sorting signal covalently to cell wall peptidoglycans (Ton-That et al, 1999). Two 
isoforms of the enzyme Sortase were found to be present in S. aureus. They are encoded 
by the genes srtA and srtB for the proteins SrtA (Sortase A) and SrtB (Sortase B), 
respectively. The srtA occurs as a monocistronic operon in most Gram positive bacteria, 
whereas the other sortase operons occur along with their substrates. The cell wall 
sorting signals in both of these isoforms differ with the specificity of Sortase A towards 
LPXTG (X is any of the naturally occurring amino acids) motif and Sortase B towards 
NPQTN (Clancy et al, 2010). All Gram positive bacteria express ‘housekeeping’ 
Sortase A along with other sortases and is therefore considered as a prototype of the 
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sortase enzyme family (Race et al, 2008). The structure and mechanism of Sortase A is 
briefed in detail in the following paragraphs. 
1.3.1. Structure 
The structure of the recombinant sortase lacking its transmembrane domain has been 
extensively studied. An eight-stranded ß-barrel fold explains the structure of Sortase A 
from S. aureus. The strands ß7 and ß8 forms a hydrophobic cleft surrounded by the 
loops formed by the strands ß2/ß3, ß3/ß4, ß6/ß7 and ß7/ß8. Among these loops, ß3/ß4 
has a special structural role in featuring a calcium binding pocket site. The binding of 
calcium ions into this pocket facilitate its contact with the residues E105, E108, D112 
and N114, and a single coordination residue E171 from another loop, ß6/ß7. The 
changes in the dynamics of the ß6/ß7 loop, stabilizes its orientation for a perfect 
substrate binding by increasing the enzyme activity eight-fold. The active site of Sortase 
A has a catalytic cysteine residue (Cys184) and also a key histidine residue (His120) 
(Clancy et al, 2010; Popp and Ploegh, 2011). The NMR spectroscopic structure of 
Sortase A, edited and reproduced from Popp and Ploegh, 2011, is depicted in Figure 3. 
            
Figure 3. The structure of Sortase A deduced by NMR spectroscopy. The catalytic residue is 
highlighted in red and the key residue at the active site in blue. Grey sticks represent contact residues at 





Sortase A is located on the extracellular side of the cell wall membrane. In general, 
the enzyme specifically cleaves the LPXTG (X is any of the naturally occurring amino 
acids) motif between the threonine and glycine residues, forming a thio-acyl 
intermediate. Further catalysis leads to an amide bond formation between the –COOH 
group of threonine and the lipid II molecule of the cell wall, thus generating a protein-
lipid II linked product (Mao et al, 2004; Suree et al, 2009; Clancy et al, 2010).   
The Sortase A catalytic mechanism involves His120 that forms a thiol-imidazolium 
ion pair with Cys184. The deprotonated Cys184 is then competent for catalysis and 
attacks the amide bond between the threonine and the glycine residues of LPXTG, 
forming a thiol-acyl enzyme intermediate.  An incoming deprotonated nucleophile then 
attacks the thioester linkage of the thio-acyl enzyme intermediate forming a product by 
re-establishing an amide bond (Popp and Ploegh, 2011). 
The reaction intermediates are short lived and difficult to visualize by NMR 
spectroscopy or crystallography. Therefore, Suree et al, 2009 have designed a synthetic 
peptide analog of the sorting signal that can covalently modify the enzyme. The results 
of their heteronuclear NMR methods explained the proposed theory that the peptide 
with LPAT* forms a covalent disulfide bond with the catalytic Cys184 thiol, generating 
a mimick of the thio-acyl enzyme intermediate of catalysis. They also have explained 
that the Ca
2+
 binding at the pocket site of the ß3/ß4 loop stabilizes the closed 
conformation of the ß6/ß7 loop, and the LPXTG motif binding closes and immobilizes 
the ß6/ß7 loop. The latter two outcomes were in line with the studies by Clancy et al, 
2010 and a mini-review by Popp and Ploegh, 2011. 
The activity of Sortase A has been improved by the production of different variants 
(Heck et al, 2014), by deactivating the reaction by-products using Ni
2+
 and by slightly 
altering the N-terminal of the nucleophile with a GGH motif (Row et al, 2015). 
1.3.3.  Applications 
Sortase A mediated protein fusions have been extensively studied with different  
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perspectives for use in platforms for various applications. Some of the below listed 
studies can comprehensively highlight a few areas of application that this technology 
can be employed in. 
Sortase-mediated ligation of lipid-modified triglycine nucleophiles to a protein 
substrate has been successfully achieved by Antos et al, 2008. They used eGFP with a 
C-terminal LPETG motif followed by His6, as the substrate, and recombinant Sortase A 
with an N-terminal His6 tag as the enzyme. The interaction of the hydrophobic tail of 
the eGFP-lipid fusion protein with mammalian cells confirmed successful ligation. 
Hence, this can be applicable in monitoring anchorage of proteins to cellular 
membranes resulting in artificial cell receptors. 
The sortase-mediated transpeptidation technology has been used in developing 
protein arrays for high-throughput screening. The advantages of using this method 
include reducing the efforts of array building by minimizing the purification steps, and 
that the immobilization has been achieved in an oriented way. The study explains 
sortase-mediated immobilization of LPETG-tagged Influenza viral proteins from 
bacterial and eukaryotic cellular extracts to a triglycine linker attached onto an amine-
glass surface. Successful covalent linkage of proteins from a viral genome onto a solid 
support envisions applications in linking proteins from larger genomes to solid surfaces 
(Sinisi et al, 2012). 
In a study to ligate Peptide Nucleic Acid (PNA) to a Cell Penetrating Peptide 
(CPP) conjugate, sortase-mediated ligation did show effective results over ordinary 
solid phase peptide synthesis. PNA residues were flanked by three oxyethylene spacers 
to reduce aggregation and tagged C-terminally by a LPKTG motif. The nucleophile was 
the CPP conjugate with three glycines on its N-terminal. The successful ligation of an 
18mer PNA to the CPP conjugate will help in the application of targeting the desired 
sequence, which in this case is a splice site of a mutated ß-globin intron 2 (Pritz et al, 
2006).  
Sortase-mediated ligation alone, or in a combinatorial approach, has been proven 
versatile. Witte et al, 2012 described a method of unnatural N-terminal to N-terminal or 
C-terminal to C-terminal fusion of proteins. The method involved sortase-mediated 
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transpeptidation of click handles to the desired substrates at C/N-terminals followed by 
fusion of these by cycloaddition. 
Thus, for some applications there could be benefits from using sortase-mediated 
ligation, and these can make it an attractive method for various disciplines (e.g. 
biomedical, immunological and cell culture applications). 
1.4. Domain Z 
The Z domain is small in size and binds to Immunoglobin G. It is a mutated version 
of one of the domains of Staphylococcal protein A (SPA). SPA is a cell wall surface 
protein secreted in almost all clinical isolates of S. aureus and, hence, thought to render 
pathogenicity. SPA is a 42 kDa protein with five homologous domains followed by a C-
terminal region. Each one of the domains is a ~60 residue immunoglobulin (Ig) binding 
domain with 65 – 90% sequence similarity. These Ig-binding domains are arranged 
from the N-terminal in an order of domain E, D, A, B and C. The Z domain is a mutated 
version of the native B-domain with only one amino acid alteration from glycine to 
alanine (Nilsson et al, 1987). It has a three-helix bundle structure and competently 
binds to the Fc region of the IgG. This domain is considered very stable with a melting 
temperature of 70°C (Starovasnik et al, 1999). The main functional role of the Z 
domain is to purify Fc fusion proteins or antibodies. Recently, engineered Z domains 
have gained importance for capturing of recombinant therapeutic proteins (Pabst et al, 
2014). 
1.5. Fibroblast Growth Factor-2 (FGF2) 
Fibroblast Growth Factor-2 (FGF2) or basic FGF (bFGF) is a growth factor that is 
present in the basement membranes and sub-endothelial extra cellular matrix. It is 
involved in the transmission of signals between the epithelium and connective tissue. 
The FGF2 binds heparin sulphate proteoglycans which, in turn, interacts with its high 
affinity receptors. FGF2 belongs to one of the highly conserved super families of 
proteins, with nearly 23 members in vertebrates. Some of its major functions are related 
to cell self-renewal, inhibition of cell senescence, cell differentiation and migration, 
wound healing, angiogenesis, development and function of multiple organ systems, 
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homeostatic functions, tissue regeneration. As it plays a pivotal role for many cell 
functions, it is used in biological research in the disciplines of tissue engineering, 
clinical application and stem cell research (Soleyman, 2016), to mention a few.  
The FGF2 ligand functions in coordination with its specific receptors, called 
Fibroblast Growth Factor Receptors (FGFRs). These receptors are known to play a 
crucial role in all cell types and especially in the cells of the skeletal system. There are 
almost four FGFRs that bind 18 ligands (FGFs). This binding is known to be favoured 
by a co-factor, heparin. The structure of the FGFRs by their positional details can be 
described by an N-terminal extracellular domain with subdomains D1, D2 and D3, and 
a single-helix transmembrane domain, as well as an intracellular region with the 
tyrosine kinase domain. It is well established that lateral dimerization is important for 
their activation, which further leads to cross-phosphorylation of the two subsequent 
monomers in the dimeric state. These activations trigger signalling cascades that control 
cell growth and differentiation. It was recently discovered that the full-length FGFRs 
dimerize in the absence of a ligand, but the phosphorylation increases only upon ligand 
binding (Sarabipour and Hristova, 2015). 
1.6. Objectives 
The aim of this thesis report is to investigate a new silk functionalization method by 
using the enzyme Sortase A for coupling of the Z domain (ZWT) and basic Fibroblast 
Growth Factor (FGF2) to 4RepCT silk, respectively. The major steps involved in 
achieving this objective are stated below. 
1. Cloning of FGF2 with a sortase recognition tag (SRT), FGF2-SRT. 
2. Expression and purification of ZWT-SRT, FGF2-SRT, Sortase A wildtype and a 
Sortase A variant with 3 mutations.  
3. Coupling of ZWT-SRT to 4RepCT silk using purified Sortase A. 
4. Coupling of FGF2 to 4RepCT silk using purified Sortase A. 
5. Optimization of Sortase coupling conditions with respect to reaction times, 
temperatures, enzyme variants and two distinct methods of coupling. 
6. Biosensor analysis of the functionality of Z and FGF in coatings of sortase 
coupled Z-silk and FGF-silk. 
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2. Materials and methods 
The mechanism of the Sortase A coupling reaction requires a substrate with a C-
terminal Sortase recognition tag (usually the specific peptide sequence LPETG) referred 
to as SRT from here on, and a nucleophile with at least one glycine on its N-terminal. 
The nucleophile in our case was 4RepCT and the substrates used for sortase A coupling 
were ZWT-SRT and FGF2-SRT. The materials and methods employed to accomplish the 
new strategy of enzymatic coupling for the functionalization of 4RepCT silk are 
elucidated in a chronological order. 
2.1. Cloning of FGF2-SRT 
The specific peptide sequence of SRT used in this study was LPETGG instead of 
LPETG, as an additional glycine improves the rate of reaction in vitro (Pritz et al, 
2007). The existing plasmids pFGF2-4RepCT-His (48 ng/µl) and the target vector pH-
ST-QG-sCD40-SRT (154.2 ng/µl) were used for cloning of FGF2-SRT. There was a 
BamHI restriction site present within the FGF2 gene in the plasmid pFGF-4RepCT-His, 
and that needed to be removed prior to further cloning. Therefore, Site Directed 
Mutagenesis (SDM) was performed in order to mutate that site at position 405 from A 
to C, leaving no change in the coding amino acid. The length of the FGF2 gene extends 
to 462 bases.  
2.1.1. Site-Directed Mutagenesis 
The forward and reverse primers designed and used in the Polymerase Chain 
Reaction (PCR) were 5' GGG CAG TAT AAA CTT GGC TCC AAA ACA GGA CCT 
GG 3' and 5' CCA GGT CCT GTT TTG GAG CCA AGT TTA TAC TGC CC 3', 
respectively. The PCR conditions used were 95°C for initial denaturation for 1 minute, 
denaturation at 95°C for 50 seconds, annealing at 62°C for 50 seconds, extension at 
68°C for 7 minutes and final extension at 68°C for 7 minutes. The reaction was run 
using Q5 High Fidelity DNA polymerase (New England Biolabs, NEB) for a total of 30 
cycles. The SDM PCR product of 50 µl was used to digest the parental DNA by the 




A heat-shock protocol was followed to transform the SDM product into bacteria. 2 µl 
of ß-mercaptoethanol was added to 45 µl of XL-10 Gold Ultra competent cells (Agilent 
Technologies) in a 1.5 ml microcentrifuge tube and put on ice for 10 minutes with 
gentle swirling every two minutes. 5 µl of DpnI digested SDM PCR product was added 
to the cells and incubated on ice for 30 minutes. Then, this was heat pulsed by placing it 
in a heating block at 42°C for 40 seconds, followed by 2 minutes on ice. 500 µl of SOC 
medium (in-house produced), pre-heated to 37°C, was added to the tube and incubated 
at 37°C and 300 rpm for 60 minutes (with gentle tapping once after 30 minutes). The 
entire sample was then divided and spread onto two BAB plates [Blood Agar Base, 40 
g; sterile deionised water, 1000 ml and 1ml of Kanamycin (50 mg/ml)]. Plates with 
grown colonies were observed after 16 hours of incubation at 37°C. 
2.1.3. Plasmid DNA isolation 
Clones from the transformation positive plates were selected and cultured overnight 
in 10 ml of TSB+Y (30 grams of tryptic soy broth base and 5 grams of yeast extract in 1 
litre deionized water) broth with 10 µl of ampicillin (100 mg/ml) at 37°C and 150 rpm. 
Glycerol stocks (35µl of 85% sterile glycerol and 165µl of cell suspension) were 
prepared and stored at -80°C for the overnight turbid cultures. The rest of the culture (5 
ml) was taken as the initial material for plasmid DNA isolation using QIAprep Spin 
Miniprep Kit (QIAGEN). The concentration of the obtained plasmid DNA was 
measured at 260 nm using a NanoDrop microvolume UV-Vis spectrophotometer 
(ThermoFischer Scientific). 
2.1.4. Sequencing 
The miniprep DNA from the selected clones were sent for sequencing to Seqlab 
Gmbh, Microsynth AG. The reaction results from Sanger sequencing were analyzed 
using the multiple sequence alignment program by Clustal Omega (McWilliam et al, 
2013). One of the correct sequences with an altered internal BamHI site within the 
FGF2 gene was further used for PCR amplification of the full-length FGF2 gene.  
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2.1.5. Polymerase Chain Reaction  
The whole idea of the second PCR amplification was to generate the FGF2 gene with 
an SRT. For cloning purpose, the construct needs to have NdeI and BamHI restriction 
sites to match the target vector. Therefore, the sequenced miniprep DNA (from 2.1.4) 
was used as a template to amplify the FGF2 gene, as well as to introduce the desired 
restriction sites. Primers were designed and used for the same purpose. The forward 
primer 5ʹ-TAA CAT ATG GCA GCC GGG AGC ATC AC-3ʹ was used to add an NdeI 
restriction site with 5ʹ extensions. The reverse primer 5ʹ-TTA GGA TCC GCT CTT 
AGC AGA CAT TGG AAG- 3ʹ was used to introduce a BamHI restriction site along 
with 5ʹ extensions. These 5ʹ extensions in both the cases were vital for efficient 
restriction cleavage. The PCR conditions used were 95°C for initial denaturation for 3 
minutes, denaturation at 98°C for 20 seconds, annealing at 57°C for 15 seconds, 
extension at 72°C for 30 seconds and final extension at 72°C for 7 minutes. The 
reaction was run in 35 cycles using Dream Taq DNA polymerase (ThermoFischer 
Scientific). The amplified product was sent for sequencing (method followed as in 
2.1.4) to confirm that no mutations had been introduced during the PCR.  Next, this 
sequenced PCR product was used for a double digestion cleavage. 
2.1.6. Restriction double digestion of the insert and the target vector 
Insert: FGF2-SRT: The total reaction volume was 50 µl constituting cut smart buffer, 1 
µl  of NdeI and 1 µl of BamHI enzymes (NEB), the sequenced FGF2 gene (555 ng/µl 
and 1555 ng/µl) with NdeI and BamHI  sites (from 2.1.5) and sterile Milli-Q 
(Millipore). The reaction was run in duplicates. 
Target vector: The target vector pS026pT7-His-G4S-ST-QG-sCD40-LPETGG was first 
transformed into NovaBlue cells (Novagen) according to the protocol previously stated. 
Plasmid DNA isolation was done using miniprep kit (Qiagen). The obtained 
concentration of 97.2 ng/µl of the target vector was used for double digestion using 
NdeI and BamHI.   
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The insert and the target vector were double digested in individual microcentrifuge 
tubes with BamHI at 37°C for 1 hour after overnight cleavage at 37°C with NdeI. NdeI 
was heat-inactivated at 65°C for 1 hour. 
2.1.7. DNA isolation and extraction from gel 
The insert and the target vector were run on a 1% agarose gel (SeaKem GTG agarose 
from Lonza) for 30 minutes at 140 volts. Then, the bands of the correct size were 
excised and the DNA was extracted using Qiaquick gel extraction kit (Qiagen). 
2.1.8.  Ligation, transformation and sequencing 
The cleaved FGF2 gene and the SRT containing target vector were ligated by adding 
DNA of insert  and the target vector (17 times the molar excess of insert compared to 
the vector), 10 x T4 DNA ligase buffer (NEB), sterile Milli-Q (Millipore), T4 DNA 
ligase (NEB) were added in a 1.5 ml microcentrifuge tube and incubated  at 4°C for 16 
hours. A negative control reaction lacking insert was also prepared and treated in the 
same way. After the reaction, heat-shock transformation was performed. 10 µl of E. 
Coli NovaBlue cells (Novagen) from -80°C were after thawing transferred into a 1.5 ml 
microcentrifuge tube. 0.5 µl of the ligation mixture was added and the tube put on ice 
for 10 minutes. Then, this was heat-pulsed by placing the tube in a heating block at 
42°C for 40 seconds, followed by 2 minutes on ice. 50 µl of SOC medium (in-house 
produced), pre-heated to 37°C, was added to the tube and incubated at 37°C and 600 
rpm for 50 minutes (with gentle tapping once after 25 minutes). The entire sample was 
spread onto BAB plates supplemented with 50 µg/ml Kanamycin, plates with colonies 
were observed after 16 hours of incubation at 37°C. Colonies were picked and cultured 
in 100 ml conical flasks with 10 ml of TSB+Y broth and 10 µl of Kanamycin (50 
mg/ml) for 16 hours at 37°C and 150 rpm. The turbid cultures were used to isolate 
plasmid DNA by using QIAprep Spin Miniprep Kit (Qiagen), as previously stated.  The 
isolated DNA concentration was measured with NanoDrop microvolume UV-Vis 
spectrophotometer (ThermoFischer Scientific) and subsequently sent for sequencing. 
The correctly ligated plasmid DNA, pHis-FGF2-GS3-LPETGG was then transformed 
into E.coli BL21(DE3) cells according to the same protocol as mentioned above.  
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2.2. Expression and purification of 4RepCT, ZWT-SRT, FGF2-SRT 
and Sortase A 
4RepCT: Expressed and purified soluble 4RepCT protein was kindly provided by 
Spiber Technologies AB for the whole study. 
ZWT-SRT, FGF2-SRT and Sortase A 
Individual plasmids with the genes coding for ZWT-SRT, Sortase A wild type (Sort 
A WT), Sortase A with 3 mutations variant (Sortase A 3MV) and purified Sortase A 
with 4 mutations variant were kindly gifted by Dr. Kristina Westerlund. The plasmid 
product from 2.1.8 was used to express and purify the FGF2 protein. All four constructs 
contain a His tag for IMAC purification.  
The respective plasmids transformed into BL21(DE3) cells were grown overnight 
prior to expression of ZWT-SRT, FGF2-SRT, Sort A WT and Sort A 3MV. Each of the 
overnight grown cultures of 10ml was added to 1 litre of TSB+Y broth along with the 
respective antibiotics (50 µg/ml of kanamycin for ZWT-SRT, FGF2-SRT and 100 µg/ml 
of ampicillin for Sortase A). These were incubated at 37°C until the OD reached around 
0.6 to 0.8. The protein expression was then induced overnight at 25°C with IPTG 
(Isopropyl ß-D-1-thiopyranogalactoside) to a final concentration of 1mM. The next day, 
the cultures were centrifuged at 5000 x g for 15 minutes. The supernatants were then 
discarded and the pellets dissolved in 60ml of IMAC binding buffer (25mM NaH2PO4, 
150mM NaCl, 10mM imidazole; pH 7). The cells in IMAC binding buffer in a beaker 
on ice were physically disrupted using sonication (19mm mutter, 45% amplitude and 
1.0 second pulse off and on) for 2.5 minutes. This suspension was immediately spinned 
down at 8000 x g for 15 minutes. The supernatant was transferred into a new falcon 
tube and loaded onto a Zn
2+
 charged Sepharose (chelating sepharose fast flow, GE 
Healthcare) column. The column was equilibrated with IMAC binding buffer before 
loading of the cell lysate. After the whole cell lysate had flown through the column, a 
wash with IMAC binding buffer was performed. Protein elution was performed with 
IMAC elution buffer (25mM NaH2PO4, 150mM NaCl, 300mM imidazole; pH 7) and 
collected in 1 ml fractions. The absorbance of the fractions was measured using a UV-
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visible spectrophotometer at 280nm wavelength. The fractions with highest absorbance 
were pooled and dialysed against the Sortase A ligation buffer (50mM Tris, 150mM 
Nacl, 10mM CaCl2; pH7.5) in the case of FGF2. For ZWT, instead of dialysis, PD10 
desalting columns (GE Healthcare Life Sciences) were used for buffer exchange prior to 
lyophilisation of the protein, and resuspension in Sortase A ligation buffer. All the 
proteins were aliquoted and stored at -20°C. In the case of Sortase A, buffer exchange 
was done by dialysis against sortase A storage buffer (50mM Tris, 150mM NaCl; pH 
7.5). After dialysis, 10% glycerol was added and the enzyme stored at -20°C. 
Denaturing and reducing protein gel samples were taken at each necessary stage for 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Each 
protein gel sample was prepared by adding 40 µl of sample to 10 µl of 5x gel loading 
dye (85% glycerol, 20% SDS, 1% bromophenolblue, 1 µl ß-2mercapto ethanol). 
 
This report explores coupling of ZWT-SRT to 4RepCT in solution as well as to 
4RepCT coatings. In the process, standardization of coupling parameters was tried to 
find optimal temperature, reaction time, most efficient Sortase A variant and two 
different methods of 4RepCT coatings for the coupling. The steps involved in 
optimizing coupling efficiency are explained in detail in the following sections (section 
2.3, 2.4 and 2.5).  
2.3. Coupling of ZWT-SRT to 4RepCT in solution 
The preliminary idea was to understand coupling in solution. The substrate used for 
coupling in solution was ZWT-SRT, as it was considered as a model protein in this 
report. The nucleophile of the coupling reaction was soluble 4RepCT (in Tris buffer). 
Each coupling reaction in solution had the substrate (in Sortase A storage buffer) in 4 
times excess to the nucleophile with respect to the number of moles, 3µM Sortase A and 
1 x Sortase A ligation buffer. The remaining volume was made up by sterile Milli-Q 
water. Gel samples for 0 minutes, 1.5 hours, 3 hours, 6 hours and 24 hours of coupling 
reaction were prepared and run on SDS-PAGE (Mini-protean TGX precast gel, 80 




2.4. Coupling of ZWT-SRT to 4RepCT coatings 
In these coupling studies the format of 4RepCT used was coatings. 60 µl of 0.1 
mg/ml silk protein solution was placed on a hydrophobic surface in a 96-well plate 
(Sarstedt) and let it stand for 30 minutes. The formed coatings were then washed thrice 
with 20 mM Tris pH 8. Negative controls were run in parallel without the Sortase A 
enzyme. There are two methods followed for coupling with regard to coatings. 
1. Coupling after coating (CAC) - The soluble 4RepCT silk was first allowed to 
form a coating on the surface of a chip (plastic+gold+SiO2, Acreo) or a well of a 
96-well plate, for 30 minutes. The coatings were washed thrice with 20 mM Tris 
pH 8. The coupling mixture was then added onto the coated surface and allowed 
to react (time is equal to the reaction time considered for coupling) as shown in 
the upper panel of Figure 4. 
2. Coupling during coating (CDC) - The soluble 4RepCT silk was first mixed 
with the coupling solution and added immediately to the chip or a well of a 96-
well plate, after mixing. The reaction was allowed for 60 minutes (time is equal 
to the reaction time considered for coupling) as shown in the lower panel of the 
Figure 4. 
 
Figure 4. Two coupling approaches using coatings of 4RepCT silk. The upper panel represents 
coupling after coating (CAC) of a surface with 4RepCT and the lower panel represents coupling to 
4RepCT during coating (CDC) of a surface.  
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2.5. Optimization of coupling conditions 
The mutants of Sortase A, defined temperatures, reaction times and the two distinct 
methods for coupling with regard to coatings were studied to optimize coupling 
efficiency. The concentrations of the substrate, the nucleophile and the enzyme, the total 
reaction volume per coating and ligation buffer concentration were always maintained 
the same. Each reaction of 100 µl volume contained 0.43 nmoles of nucleophile (4.3 
µM 4RepCT), 1.72 nmoles of substrate (17.2 µM ZWT-SRT or FGF2-SRT), 3 µM 
Sortase A (wild type or 3MV or 4MV), 20 µl of 10 x Sortase A ligation buffer (500 mM 
Tris, 1500 mM NaCl, 100 mM CaCl2; pH7.5) and Milli-Q (up to 100µl). Negative 
controls lacking Sortase A enzyme were run in parallel to all the tests. The reaction 
concentrations stated above were the same in every test and the optimization parameters 
considered were as follows. 
2.5.1. Sortase coupling at different temperatures 
Ambient temperature ~22°C (AT), 30°C and 37°C were tested for coupling 
efficiency using Sort A WT by the CAC method. The CDC method was tested only at 
AT, as it is known that higher temperatures can aggregate soluble silk proteins. This is 
not the case for the CAC method where the silk proteins were coated first. The 
experiment was run in duplicates and repeated twice. The temperature for optimal 
coupling was chosen for further experiments. 
2.5.2. Selection of the most efficient Sortase A variant 
Sort A WT, Sort A 3MV and Sort A 4MV (Sortase A with 4 mutations) were used to 
investigate the efficiency to couple ZWT-SRT to 4RepCT coatings (CAC) at AT. The 
experiment was run in duplicates and repeated twice. The best variant of Sortase A was 
used in further tests. 
An additional experiment using a biosensor technique (Biolayer interferometry, 
Octet RED96, Pall ForteBio) was performed to differentiate the catalytic efficiency of 




2.5.3. Coupling with different reaction times 
0 minutes, 1.5 hours, 2.5 hours, 3.5 hours, 4.5 hours and 24 hours of reaction time 
were chosen to track the coupling process. The optimal reaction time was used to 
further study the coupling to 4RepCT coatings. 
2.5.4. Coupling methods using 4RepCT coatings 
The CAC and CDC coupling methods (Figure 4) for coupling to 4RepCT coatings 
were tested using the substrates ZWT-SRT and FGF2-SRT, separately. The analysis of 
these coatings was done using fluorescence microscopy. 
2.6. Fluorescence microscopy and analysis 
The optimization experiments of coupling were evaluated by immunofluorescence, 
except for the coupling in solution which was analyzed by SDS-PAGE. After three 
washes of the coatings with 20mM Tris pH8, 60 µl of 0.05 mg/ml IgG-Alexa Fluor 488 
(ThermoFischer Scientific) in PBS was added per ZWT-silk coating in the well and 
incubated for 30 minutes at room temperature and kept in dark. For FGF2-silk, 60µl of 
0.02µg/ml penta-His Alexa Fluor 488 conjugate (Qiagen) in PBS was added per coating 
and incubated for 60 minutes at room temperature and kept in dark. Excess unbound 
antibody-fluorophore was washed away with PBS three times, and 200µl of PBS was 
added prior to storage at 4°C or to observe directly under the inverted fluorescence 
microscope (Nikon Eclipse Ti series). The images were captured using the Nis-
Elements BR software (10 x magnification, B filter, peak excitation wavelength at 490 
nm and emission at 525 nm). 
2.6.1. Fluorescence image analysis 
The image processing program, Image J was used to measure the fluorescence 
intensity (Schneider et al, 2012) of bound IgG-fluorophore to ZWT-silk and bound 
penta His-fluorophore to FGF2-silk. The fluorescent images were extracted as Mean 
Gray Value (MGV) and bright signal artefacts were removed using the Remove outliers 
tool (radius: 20 pixels, threshold: 40), Mean intensity MGV values were calculated by 




Student’s t-test was used for statistical analysis of fluorescence intensity. P-values<0.05 
were considered significant. 
2.7. Functional studies of ZWT-silk and FGF2-silk coatings using SPR 
The functionality of the sortase-coupled products ZWT-silk and FGF2-silk were 
investigated by Surface Plasmon Resonance (SPR). Running buffer, PBS (8 g of NaCl, 
0.2 g of KCl, 1.42 g of NaH2PO4, 0.24 g of KH2PO4, 1 litre of distilled water; pH 7.4 
adjusted with HCl) was vacuum filtered using a 0.22µm filter paper and then degassed 
for 1 hour. The sensor chip (plastic+gold+SiO2, Acreo) was carefully cleaned on the 
active side with isopropanol, acetone, 95% ethyl alcohol and with Milli-Q water. To get 
rid of excess liquid, the cleaned chip was blow-dried using N2 gas. The chip was then 
inserted into Biacore 2000 instrument (BIAcore AB, GE Healthcare). To comprehend 
the functionality of the coupled ZWT-SRT to silk and FGF2-SRT to silk, the binding of 
unlabelled 10 nM Rabbit IgG (Sigma) in PBS and 10nM FGFR2 receptor, FGF2IIIC 
(monomer molecular weight, 67.6 kDa) (Sino Biological Inc.) to Z-silk and FGF-silk, 
respectively, were studied. For the FGF2-silk SPR analysis, a step involving injection of 
1 mg/ml heparin sodium salt from porcine mucosa (Sigma-Aldrich) just before the 














In order to construct one of the two model proteins (FGF2-SRT) used for Sortase 
coupling in this work, an internal BamHI site in the FGF2 gene was first to be removed 
due to the cloning design. Therefore, SDM was done to remove this internal BamHI site 
within the FGF2 gene of pFGF2-4RepCT-His. The DpnI treated SDM product was then 
successfully sequenced. The sequence results showed the desired point mutation at 
position 405 from A to C, which removed the internal BamHI restriction site as depicted 
in the Figure 5.  
 
 
Figure 5. Site Directed Mutagenesis of the FGF2 gene. Partial sequence of the sense strand before and 
after point mutation at site 405 of the FGF2 gene in the plasmid pFGF2-4RepCT-His. The altered BamHI 
site from GGATCC to GGCTCC, makes it non-sensitive for restriction cleavage using BamHI. The 
codons GGA as well as GGC code for the same amino acid, glycine. 
  
After the successful SDM procedure, the FGF2 gene (462 base pairs) was amplified 
by PCR. The pFGF2-4RepCT-His plasmid without internal BamHI site within the FGF2 
gene was used as a template to amplify the FGF2 gene. A forward and a reverse primer 
were used to create an FGF2 insert to be cloned into the target vector. A PCR reaction 
with the primers designed should yield an FGF2 gene product of 480 bases with NdeI 
and BamHI sites at 5' and 3' ends, respectively. A product band slightly below 500 bp in 
size was observed on agarose gel which indicated that the PCR reaction was successful, 
as shown in Figure 6A (lane 2).  
As the aim of the cloning work was to generate the FGF2 gene with a C-terminally 
attached SRT tag, for Sortase coupling, a vector harbouring a SRT tag, as well as a His6 
tag for purification purpose, was used as target vector. The FGF2 PCR product and the 
target vector were subjected to double digestion using NdeI and BamHI. The cleavage 
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reaction of the target vector was confirmed as two bands of 1167 bp and 5281 bp were 
seen on agarose gel. Lanes 3 and 4 in Figure 6B show the target vector cleavage 
products in duplicates. Lanes 1 and 2 in Figure 6B shows the cleavage products of the 
FGF2 gene insert (in duplicates) cleaved at the ends, i.e. only a few bases were 
removed. Therefore, the position of the cleaved FGF2 band size (lanes 1 and 2 of 
Figure 6B) was the same as before cleavage (lane 2 of Figure 6A). These results 
correspond well with the theoretical band sizes and, therefore, the conclusion is drawn 
that the cleavages were successful. 
 
 
Figure 6. Cloning of the FGF2 gene construct. (A) The agarose gel picture shows the FGF2 gene with 
NdeI and BamHI sites after PCR amplification from a pFGF2-4RepCT-His plasmid. Lane 1, GeneRuler 
1Kb DNA ladder (Fermentas); Lane 2, amplified PCR product of the FGF2 gene with NdeI and BamHI 
restriction sites. (B) The gel picture shows bands after restriction double digestion. Lane 1 and 2, NdeI 
and BamHI digest of the FGF2 gene insert (in duplicates); lane 3 and 4, NdeI and BamHI digests of the 
target vector (in duplicates); lane 5, GeneRuler 1Kb DNA ladder (Fermentas). 
 
The DNA extracted from the excised bands of the gel (lane 1 and 3 or lane 2 and 4, 
Figure 6B) was then used to ligation. For the target vector, it is the upper band that is 
desired. After transformation of the ligated DNA and subsequent sequencing, one of the 




3.2. Protein expression and purification 
The next step was to produce all the proteins necessary for the study. The expression 
and purification of the FGF2-SRT, ZWT-SRT and Sort A 3MV resulted in reasonable 
yields of 25 mg, 18 mg and 28 mg, respectively from a litre of culture each. These 
expressed and purified proteins were run on SDS gels as shown in Figure 7, to verify 
their purity. Lane 1 shows purified ZWT, lane 2 shows Sort A WT and lane 3 shows the 
purified FGF2. The conclusion was drawn that all the proteins were produced with a 
high purity as judged from the SDS gels. 
 
Figure 7. SDS gel of expressed and purified proteins. Lane 1, ZWT-SRT (8.79 kDa); lane 2, Sortase A 
wildtype (24.31 kDa); lane 3, FGF2-SRT (19.78 kDa); lane 4, low molecular weight SDS marker (GE 
Healthcare Life Sciences). 
 
The remaining three proteins needed in this study (soluble 4RepCT, Sortase A 3MV 
and 4MV) were received already expressed and purified. 
3.3. Sortase A mediated coupling in solution 
To get the first indication of the possibility to utilize Sortase A enzyme for 
functionalization of 4RepCT, a set of coupling reactions in solution were first carried 
out at AT. The results for the coupling reaction in solution with regard to reaction time 
of ZWT-SRT as the substrate and soluble 4RepCT as the nucleophile using Sort A WT 
 24 
 
revealed a band slightly above 30 kDa in size on SDS-PAGE gel, which could represent 
ZWT-4RepCT (Z- silk), that has a theoretical molecular weight of 31.79 kDa (lanes 6, 7, 
8 and 9 of the Figure 8). To further prove the identity of the product band, Western blot 
was run. Unfortunately, Western blotting with the same samples showed inconclusive 
results probably due to unspecific binding of the antibodies targeted towards ZWT and 
4RepCT (data not presented). The proposed band for the expected coupled product, Z-
silk, was seen at all time points except at 0 minutes. There was also some decrease 
observed in the amount of 4RepCT and ZWT at the final time point (Figure 8, lane 9), 
which should be the case if these two molecules are consumed to form Z-silk. For 
comparison, pure ZWT-SRT, Sort A WT and 4RepCT are shown in lane 1-3, 
respectively. The results from this initial Sortase-coupling experiment hint that Sortase 
A might be used to couple ZWT-SRT to 4RepCT silk in solution. 
 
Figure 8. Sortase A mediated coupling in solution. Lane 1, ZWT (8.79 kDa); lane 2, Sort A WT (24.31 
kDa); lane 3, 4RepCT (23 kDa); lane 4, Marker; lane 5, coupling in solution after 0 minutes; lane 6, after 
1.5 hrs; lane 7, after 3 hrs; lane 8, after 6 hrs; lane 9, after 24 hrs. 
 
3.4. Optimization of Sortase coupling conditions 
The coupling reactions in solution encouraged further investigations of the efficiency of 
the coupling process. Therefore, optimization of the coupling efficiency was investigated, 
and included parameters such as type of Sortase A (WT versus mutants), temperature and 
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reaction time, using coupling of ZWT-SRT to 4RepCT coatings as the model system. 
Moreover two different coupling approaches, using coatings were investigated. 
 
3.4.1. Sortase coupling at different temperatures 
 
After coupling in solution, the next step was to investigate the influence of temperatures 
on coupling efficiency. Hence, three different temperatures, 30°C, 37°C and ambient 
temperature were used to test the efficiency of coupling using ZWT-SRT as the substrate 
and Sort A WT as the enzyme. The coupling reaction was performed on 4RepCT coatings 
by the CAC method (explained in Figure 4). The coupling of ZWT-SRT to 4RepCT, 
followed by binding of IgG-fluorophore via the Z domain, was confirmed by fluorescence 
microscopy for all temperatures. Ambient temperature (17h) gave the highest significant p-
value, compared to control reactions lacking Sortase, from the statistical analysis (Figure 
9). The Figure 9 shows the data plotted as clustered column graphs from the fluorescence 
intensities extracted from the fluorescent images through ImageJ with standard deviations 
and calculated p-values. The comparisons between the different temperatures showed 
statistical significance only between 37°C and AT. However, AT would be most 
convenient to utilize, but also the best choice for coupling of temperature-sensitive 
proteins. In conclusion, this experiment shows that it seem possible to use Sortase for 
coupling of ZWT-SRT to pre-made 4RepCT silk coating.  
 
3.4.2. Selection of the most efficient Sortase A variant 
After selection of AT as the preferred coupling temperature, ZWT-SRT was coupled to 
4RepCT using different variants of the Sortase A enzyme i.e Sort A WT, Sort A 3MV and 
Sort A 4MV, to further investigate the coupling efficiency. Both enzyme variants and the 
wildtype showed a clear difference from the controls that lacked Sortase A in the reaction 
mixture. These results were inferred by the representative visual fluorescence images 
shown in Figure 10. The method followed was CAC for the optimization of this 
parameter. The results from this experiment showed that both Sort A 3MV and Sort A 
4MV were more efficient than the Sort A WT after 30 minutes (upper panel, Figure 10) 





Figure 9. Coupling efficiency at different temperatures. The figure shows the fluorescence intensities 
extracted from the results of coupling ZWT-SRT to 4RepCT silk coatings at 30°C, 37°C and ambient temperature 
(22°C) for 17 hours using Sort A WT followed by binding of IgG fluorophore to the Z-silk. Stars display the 
significance between two bars based on the statistical p-value. Two-sided, unpaired test, p-value:  *p<0.05, 




Figure 10. Coupling of ZWT-SRT to silk with Sortase A variants at AT by CAC method. IgG-Alexa 
Fluor 488 in PBS was used to bind the coupled ZWT for visualization. The upper panel of the figure shows 
the representative images after 30 minutes reaction time and the lower panel shows the representative 




As it was difficult to visually interpret the differences in the representative 
fluorescence images between Sort A 3MV and Sort A 4MV, clustered column graphs 
were plotted from data analysis using ImageJ. The statistical analysis performed on the 
ImageJ data was used to analyze in more detail significant differences in coupling 
efficiency between Sort A 3MV and WT, and Sort A 4MV and WT. Figure 11 displays 
the clustered column graphs that show a significant difference in fluorescence signal 
between each of the variant and the control (lacking Sortase), implying real coupling for 
all Sortase reactions. However, the statistical analysis suggests no significance in 
coupling between Sort A 4MV and Sort A WT, and between Sort A 3MV and 4MV. 
These results were similar after 30 minutes (Figure 11A) and 60 minutes (Figure 11B) 
of reaction. From this experiment, Sort A 3MV showed a consistency from repeated 
experiments and, in addition, a significant difference in coupling signal, when compared 




Figure 11. Statistical analysis of coupling efficiency using different Sortase A variants based on ImageJ 
image analysis. The figures show the fluorescence intensity from IgG fluorophore binding of Sort A WT 
compared to mutants at two reaction times A) 30 min and B) 60 min for coupling of ZWT-SRT to silk by the 
CAC method. Stars on the braces display the significance between two bars based on the p-value. Two-sided, 






3.4.3. Coupling with different reaction times and methods 
 
With the results established from the previous two optimization studies, ambient 
temperature and Sort A 3MV were used to further comprehend the coupling efficiency 
with regard to different reaction times. The coupling to 4RepCT was done using both the 
CAC and the CDC method. (explained in Figure 4). In this new optimization experiment 
one more protein, FGF2-SRT was also coupled to silk along with coupling of ZWT-SRT in 
two independent experiments. The basic idea to introduce FGF2-SRT was to investigate 
the generality of Sortase coupling approach with silk, i.e to determine if the coupling works 
with other proteins (e.g. different size and fold) in addition to ZWT-SRT. Six fixed time 
points were considered to explore the time dependence for coupling using Sort A 3MV at 
AT. All of the examined reaction times 0.5, 1.5, 2.5, 3.5, 4.5 and 17 hours showed 
successful coupling compared to the coupling controls (without Sortase A). Only the 
shortest time points were considered (ZWT, Figure 12 and FGF2, Figure 13), as all the 
other time points showed similar signal intensity. Noteworthy, aggregates of FGF2 were 
seen after 17 h of reaction in the CAC and CDC methods. For this reason, to avoid 
aggregation of less stable proteins, only the shortest two time points were considered. As 
the visual observance of the fluorescence intensities were not quantitative, statistical 
analysis was performed for the fluorescent images using ImageJ.  
 
The statistical data of each reaction time confirmed significant differences between each 
reaction and its respective control, and the analysis of the shortest time points (0.5 and 1.5 
h) are shown in Figure 14. The statistical data showed no significant differences in 
coupling signal between the two different reaction times for both the CAC and the CDC 
methods. The results show that for all cases, except for coupling of FGF2-SRT using the 
CDC method, the coupling efficiency is as good after 0.5 h as for 1.5 h (as well as for the 






Figure 12. Coupling of ZWT-SRT to silk to compare the CAC and CDC methods. A) The figure shows 
fluorescence images of coupled Z-silk by CAC method using Sort A 3MV at AT after 0.5 and 1.5h with controls 
lacking Sortase. B) The figure shows fluorescence images of coupled Z-silk using the CDC method using Sort A 





Figure 13. Coupling of FGF2-SRT to silk to compare the CAC and CDC methods. A) The figure shows 
fluorescence images of coupled FGF-silk using the CAC method with Sort A 3MV at AT after 0.5 and 1.5 hours. 
Controls lack Sortase. B) The figure shows fluorescence images of coupled FGF-silk using the CDC method 






Figure 14. Comparison of reaction times for coupling of ZWT-SRT to silk and FGF2-SRT to silk. 
The figure shows the statistical analysis of fluorescence intensities with standard deviations that are 
compared by p-values. The conditions considered were A, Sort A 3MV coupling of ZWT-SRT to 4RepCT 
by CAC method; B, coupling of ZWT-SRT to 4RepCT by CDC method; C, coupling of FGF2-SRT to 
4RepCT by CAC; D, coupling of FGF2-SRT to 4RepCT by CDC; after 0.5 hours and 1.5 hours reactions 
times at AT. Stars on the braces display the significance between two bars based on the p-value. Two-
sided, unpaired test- p-value:  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
 
The next step was to investigate if there is a significant difference between the two 
different coupling methods (CAC and CDC) for the considered reaction times (0.5 and 1.5 h). 
The visual observations show pattern differences with smoother coatings using the CDC 
method compared to CAC in both the cases of Z-silk (Figure 12) and FGF-silk (Figure 13). 
As it was difficult to quantitatively deduce the differences in coupling efficiency between 
both the methods, statistical analysis was again performed. This gave a hint that in the case of 
Z-silk, the CDC method, and for FGF-silk, the CAC method, showed slightly higher 
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fluorescence intensity values as seen from Figure 14. All coupling reactions showed 
significant differences from their controls in both methods. Any significant difference in 
coupling signal between 0.5 h and 1.5 h of reaction time was not observed, except for the 
CDC method in FGF-silk coupling. 
The clustered column graphs of 0.5 h and 1.5 h for Z-silk and FGF-silk to compare the 




Figure 15. Comparison of the CAC and CDC methods in coupling of ZWT-SRT to silk and FGF2-SRT to 
silk. The figure shows the statistical analysis of fluorescence intensities with standard deviations that are 
compared by p-values. The conditions evaluated were Sort A 3MV coupling of ZWT-SRT to 4RepCT and FGF2-
SRT to 4RepCT at AT. A) Comparison of CAC and CDC methods in coupling of ZWT-SRT to silk after 0.5 and 
1.5 h of reaction time B) Comparison of CAC and CDC methods in coupling of FGF2-SRT to silk after 0.5 and 
1.5 h of reaction time. Stars on the braces display the significance between two bars based on the p-value. Two-
sided, unpaired test- p-value:  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
 
The signals observed showed no significant difference with student’s t-test to establish 
any difference between the CAC and CDC methods, with regard to the same reaction 
times. However, there was a statistically significant difference observed between 0.5 h 
CAC and 1.5 h CDC with Z-silk (Figure 15 A), whereas for FGF-silk, the difference 
instead was significant between 0.5 h CDC and 1.5 h CAC (Figure 15 B). Taking into 
account the significance and the fluorescence intensity values, it can be concluded that 
there might exist a difference between CAC and CDC methods and also it was shown 




3.5. Functional studies of Z-silk and FGF-silk 
  
Coatings of coupled Z-silk and FGF-silk were studied to deduce if they had retained 
their functionality of the Z and FGF2 domains, respectively, after coupling. Each 
coupling reaction in solution has the substrate (in Sortase A storage buffer) in 4 times 
excess to the nucleophile with respect to the number of moles, 3µM Sortase A and 1 x 
Sortase A ligation buffer. The remaining volume was made up by sterile Milli-Q water.  
 
 
Figure 16. Binding of IgG to Z-silk and FGF2IIIC to FGF-silk analyzed by SPR. The figure shows 
the binding of unlabeled IgG to the coupled Z-silk pre-coated on a chip (plastic+gold+SiO2, Acreo) and 
FGF2IIIC receptor binding to FGF-silk pre-coated on a chip (plastic+gold+SiO2, Acreo). A) Binding of 
IgG to Z-silk using the CAC and the CDC method. B) Binding of FGF2IIIC to FGF-silk using the CAC 
and the CDC method. Arrows indicate the injection of molecules in solution, a, 20mM Tris; b, IgG in 




The functionality of Z domain was already confirmed with multiple test results 
explained elsewhere (Figures 10 and 12). Binding of IgG to Z-silk and FGF2IIIC 
receptor to FGF-silk confirmed their functionalities by Surface Plasmon Resonance 
(Figure 16). The functionality was observed after ZWT-SRT and FGF2-SRT were 
coupled to 4RepCT, respectively using Sort A 3MV by the CAC as well as CDC 
methods. In the case of Z-silk, the CDC method showed double the response units of 
binding as compared to the CAC method. For FGF-silk, the CAC method showed 
slightly increased binding than CDC, which needs to be confirmed by a repeated 
experiment. The binding in response units plotted as a function of time in minutes was 
shown in Figure 16. These results were in accordance with the test results of the 
optimization of CAC and CDC methods (Results section 5.4.3, Figure 15). The binding 
of Heparin was evident in neither of the methods. Hence, the effect of Heparin relative 

























4. Discussion and conclusion 
4.1. Discussion 
In order to make silk materials interesting for various biomedical and 
biotechnological applications, they have to be functionalized. The functionalizations 
in general have been achieved by several approaches that target modifications at 
genetic and protein levels. This report on Sortase coupling of ZWT-SRT to 4RepCT 
and FGF2-SRT to 4RepCT, resulting in Z-silk and FGF-silk, respectively, is one 
such functionalization approach at protein level. The method is to covalently couple 
a protein with a specific peptide sequence (ZWT-SRT) to a nucleophile (4RepCT) in a 
site-directed manner. This is an attractive approach as non protein molecules (e.g. 
DNA or PNA) or glycosylated proteins can be attached to any desired nucleophile 
with at least one N-terminal glycine, which otherwise by other approaches is 
difficult. 
Initial work on coupling of ZWT-SRT to 4RepCT in solution using wildtype 
Sortase A at ambient temperature showed a time dependent formation of a new 
protein species on SDS-PAGE gel. This has the expected size of the desired coupled 
product, but could also be an enzyme-substrate intermediate. One way of deducing 
the identity of the band is to cut it out and run MS. Other studies also indicated 
successful coupled products like DNA-protein hybrids (Koussa et al, 2014) and 
protein-protein hybrids (Heck et al, 2014) in solution. Based on the research findings 
from the latter, a long-lived enzyme-intermediate complex was not observed either 
by SDS-PAGE or by ESI-MS. Suree et al, 2009, also explained the difficulties in 
studying the enzyme-substrate complex of the catalysis due to its shortest half-life. 
Hence, there is a high probability that the new protein species observed after 
coupling in solution was attributed to the soluble Z-silk product rather than an 
enzyme-substrate intermediate. 
The natural tendency of silk proteins to self assemble makes it an easy material to 
pre-coat onto surfaces. An advantage of using silk pre-coatings for Sortase coupling 
is that the coated surfaces, after coupling, are easy to wash off the enzyme, excess 
substrate, unassembled silk proteins and unreacted molecules in the coupling 
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mixture. Furthermore, a drawback of 4RepCT silk proteins in solution is that they 
tend to aggregate at 30°C (Hedhammar et al, 2008). Therefore, the silk pre-coating 
format was investigated in this study, and was compatible with all performed studies. 
The ligation of ZWT domain to 4RepCT silk at 30°C, 37°C and ambient 
temperature using wildtype Sortase A showed a successful coupling reaction by the 
CAC method. Coupling at each of these temperatures significantly differed from 
their respective controls by statistical evidence and only showed subtle differences 
among them. Hence, the ambient temperature was optimized for future procedures 
supported with the fact that silk and FGF2 proteins are thermally instable at ~30° C 
and 37°C (Hedhammar et al, 2008; Chen et al, 2012). 
Improving the catalytic activity of an enzyme is one of the important parameters 
in industrial applications. Mutations in the wildtype enzyme may improve or reduce 
the catalytic activity of that enzyme. Therefore screening of available Sortase 
mutants for efficient coupling is a prior need. One of the studies shows that Sortase 
A variant with 2 mutations has shown increased activity compared to wildtype 
(Chen et al, 2016). Another study compared six variants, of which three are wildtype 
that differ in length of amino acids from each other, and the other three variants are 
with 3, 4 and 5 mutations, respectively. The latter variants showed better catalytic 
activity than the wildtype variants (Heck et al, 2014). The present study report 
investigated the efficiency of coupling with wildtype and two variants with 3 and 4 
mutations, respectively. The 3 mutations variant showed consistent and better 
catalytic activity compared to wildtype Sortase A. These conclusions were supported 
by the fluorescence studies and statistical evidences. 
Enzyme-catalyzed reactions can be monitored by the consumption of the 
substrates and formation of the product with time. This can provide the basic details 
of the coupling reaction in a time-dependent manner. This report established two 
reaction times out of six tested, as efficient time points for coupling ZWT domain and 
FGF2 to silk, respectively.  The two shortest time points between 0.5 h and 1.5 h was 
used for further optimization, considering the low stability of FGF2 (Yun et al, 
2010; Kumorek et al, 2015).  
 36 
 
 In order to increase the coupling efficiency relative to the method of coupling, 
two different approaches (CAC and CDC) were designed and performed. Considering 
all the optimized parameters, the goal to choose the best method between CAC and 
CDC gave each protein a different option. There was a pattern followed with time from 
CAC to CDC for Z-silk and CDC to CAC for FGF-silk, with regard to fluorescence 
intensities extracted from the ImageJ. This indicated that the preferred method for Z-silk 
was CDC and for FGF-silk was CAC after 1.5 h reaction time. An interesting 
observation of this coupling experiment with Z domain and FGF2 was the smooth 
appearance of coatings using the CDC method. This property can be helpful relative to 
the intended application. For example, the diagnostic purposes need a smooth, even and 
complete coating to detect minute levels of analytes whereas cell culture studies need 
rough surfaces for better adherence of cells. The texture differences need more 
advanced molecular level understanding before speculating the applications. Analysis 
by SPR showed similar results with Z-silk and FGF-silk using CAC and CDC methods 
under the same conditions. 
One possible explanation for the observed difference of the CAC and the CDC 
coupling method can be that in the case of a 1h reaction time, 30 minutes of silk protein 
coating was followed by 1 hour of coupling using the CAC method. Using the CDC 
method, the coupling mixture was allowed to couple and coat simultaneously, on the 
surface for 1 hour. Therefore, an extra 30 minutes of coating was allowed using the 
CDC method, which might be the reason for higher signal in response units of IgG 
binding to Z-silk. This can be directly related to the self assembling properties of silk 
proteins on surfaces and soluble silk proteins interacting with these surface adsorbed 
silk proteins with time (Nileback et al, 2017). The same speculation might be applied 
for FGF-silk, but cannot explain from the results of this report, as the fluorescence 
studies were done by direct immunofluorescent detection of FGF2 carrying penta His 
tag, whereas the SPR analysis was done using FGF2IIIC receptor. 
Heparin is said to be forming complexes with FGF family proteins and their 
receptors. Study by Raman et al, 2003, on binding of Heparin to FGF2 revealed the 
distribution of amino acids K135, Q134, N27, R120, K119 and K129 of loops 1-3 
favour ionic interactions with the oligosaccharide, changing the conformation of the 
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latter by forming a kink in its uniform helical structure. This conformation formed by 
the kink on the backbone of the oligosaccharide is a signature specific to a specific FGF 
protein. Lys125 in FGF2 interacts with N-sulphate and 2-O-sulphate groups of the high 
affinity region of the oligosaccharide. Therefore, the study concludes that the 
conformational changes of the loops 1-3 of the HSGAG-binding site (Heparin Sulphate 
Glycosaminoglycans) of FGF2 and the basic amino acids in the narrow pocket of loop 3 
of FGF2, decides the topology of the oligosaccharide to bind specifically to FGF2. The 
HSGAG binding loop region sequences of FGF2 are CKNG of loop 1 and 
LKRTGQYKLGSKTGPGQKAIL of loop 2 and 3. The current study report was not 
evident with binding of Heparin to FGF2 and thereby showing no effect on increase of 
affinity of FGF2 to FGF2IIIC receptor. One possibility for this could be that the 
HSGAG-binding sequence on FGF2 was towards the extreme C-terminal end, close to 
the sortase recognition tag, which could change the conformation of FGF2 after 
coupling to 4RepCT coating and render it unsuitable for Heparin binding.  Assuming 
heparin was bound to FGF2, then at least 1-6 molecules of FGF2 should bind to one 
molecule of high molecular weight Heparin (15 kDa) according to Arakawa et al, 
1994, which is not the case with respect to heparin binding analysis by SPR in this 
report. However, the FGF2IIIC receptor binding to FGF2 was clearly observed hinting 
that FGF2 retained its functionality after coupling but not the Heparin binding site 
conformation on FGF2. The study by Powell et al, 2002 on FGF2IIIC binding to 
Heparin sulphate explained that the complex favours the FGF2 signalling. This needs to 
be confirmed by cell culture studies using Sortase coupled FGF-silk. 
4.2. Conclusion 
The conclusive points obtained from this study are detailed below. 
a. Sortase A mediated coupling works as a new functionalization method to N-
terminally modify silk. 
b. Ambient temperature is the optimum condition for coupling considering the 
thermally instable proteins. 
c. Sortase A with 3 mutations showed lower variability and better catalytic activity 
when compared to wild type and 4 mutations variant. 
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d. 30 minutes to one hour seems to be a good reaction time using Sortase A 3MV. 
e. Both CAC and CDC methods can be used for coupling proteins to silk.  There 
might exist differences between the two methods. 
4.3. Future perspectives 
This work can be further extended by: 
i. Repeating the fluorescence studies and SPR analysis to confirm the 
differences between CAC and CDC methods. 
ii. Another coupling method, coupling before coating (CBC) can be 
performed, and standardize the best of three methods. 
iii. Atomic Force Microscopic studies of the coatings coupled with a probe or 
substrate, using the above three coupling methods to have a molecular 
level understanding of coatings. 
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